Neural networks in analysing 137Cs behaviour in the air in the Belgrade area by Samolov Aleksandra D. et al.
NEU  RAL  NET  WORKS  IN  ANA  LYS  ING  137Cs  BE  HAV  IOUR
IN  THE  AIR  IN  THE  BEL  GRADE  AREA
by
Aleksandra D. SAMOLOV 1*, Snežana D. DRAGOVI] 2,
Marko Ž. DAKOVI] 3, and Goran G. BA^I] 3
1 Mil i tary  Tech ni cal  In sti tute,  Bel grade,  Ser bia
2  Vin~a In  sti  tute of Nu  clear Sci  ences, Uni  ver  sity of Bel  grade, Bel  grade, Ser  bia
3 Fac ulty  of  Phys i cal  Chem is try,  Uni ver sity  of  Bel grade,  Bel grade,  Ser bia
Sci en tific  pa per
DOI: 10/2298/NTRP1403226S
The  ap pli ca tion  of  the  prin ci pal  com po nent  anal y sis  and  ar ti fi cial  neu ral  net work  method  in
fore cast ing  137Cs  be hav iour  in  the  air  as  the  func tion  of  me te o ro log i cal  pa ram e ters  is  pre -
sented. The model was op  ti  mized and tested us  ing 137Cs  spe cific  ac tiv i ties  ob tained  by  stan -
dard gamma-ray spec  tro  met  ric anal  y  sis of air sam  ples col  lected in Bel  grade (Ser  bia) dur  ing
2009-2011 and me te o ro log i cal  data for  the same pe riod.  Low cor re la tion (r = 0.20) be tween
ex per i men tal val ues of  137Cs spe cific ac tiv i ties and those pre dicted by ar ti fi cial neu ral net work 
was ob  tained. This sug  gests that ar  ti  fi  cial neu  ral net  work in the case of pre  dic  tion of 137Cs
spe cific  ac tiv ity,  us ing  tem per a ture,  in so la tion,  and  global  Sun  warm ing  does  not  per form
well, which can be ex  plained by the rel  a  tive in  de  pend  ence of 137Cs  spe cific  ac tiv ity  of  par tic u -
lar me te o ro log i cal pa ram e ters and  not by the in ef fec tive ness of ar ti fi cial neu ral net work in re -
lat ing  these  pa ram e ters  in  gen eral.
Key words: neu ral  net work,  gamma-ray  spec trom e try,  air, 
137Cs
IN TRO DUC TION
Re  veal  ing pat  terns in vast amount of data ob  -
tained  from  rou tine  mon i tor ing  of  ac tiv i ties  of
anthropogenic and nat u ral-oc cur ring ra dio iso topes re -
quires  ap pli ca tion  of  ad vanced  sta tis ti cal  anal y sis  and
ma chine-learn ing meth ods. Ar ti fi cial neu ral net works
(ANN) gained in pop  u  lar  ity be  cause of their ro  bust  -
ness which out per forms that of con ven tional sta tis ti cal 
tech  niques. They be  long to non-lin  ear meth  ods where
no  as sump tion  of  re la tions  be tween  in put  vari ables  is
needed. A num  ber of ANN al  go  rithms have been de  -
vel  oped [1-6] for var  i  ous pur  poses. In the area of ra  -
dio ac tiv ity, ANN have been ap plied in au to matic iden -
ti fi ca tion  of  ra dio ac tive  iso topes  in  gamma
spec tros copy  [7],  in  de ter mi na tion  of  pa ram e ters  in
mon i tor ing  ura nium  en rich ment  [8],  in  por ta ble  sys -
tems for rapid iden ti fi ca tion of radionuclides [9-11], in 
ex per i men tal nu clear struc ture phys ics (for the gamma 
ray track ing tech nique) [12], to op ti mize pa ram e ters of 
the  gamma-spec tro met ric  anal y sis,  and  in  mon i tor ing
ra dio ac tive  con tam i na tion  of  the  en vi ron ment
[13-18].
The  137Cs (t1/2 = 30.14 year) is a man-made
radionuclide which rep  re  sents a haz  ard to the en  vi  ron  -
ment. Be  cause of its long half-life 137Cs is re  garded as
an in  di  ca  tor of anthropogenic pol  lu  tion caused by nu  -
clear tests and nu  clear power plant ac  ci  dents. Once
emit  ted into the at  mo  sphere it par  tic  i  pates in the
air-mass cir  cu  la  tion pro  cesses and can be used for de  -
scrip tion  of  pol lut ant  scav eng ing  by  pre cip i ta tion,  at -
mo spheric  de po si tion  pat terns  of  air borne  con tam i -
nants,  etc. [19].
In this study we mea  sured spe  cific ac  tiv  i  ties of
137Cs in near-ground air and cor re lated them with lo cal 
me te o ro log i cal  con di tions  since  those  have  the  great -
est in  flu  ence on the sta  bil  ity of the ground layer of at  -
mo  sphere. Sim  i  lar to our pre  vi  ous study on 7Be [20],
we tested the abil ity of ANN to pre dict spe cific ac tiv i -
ties of 137Cs in near-ground air by us  ing me  te  o  ro  log  i  -
cal  pa ram e ters  as  in put.
EX PER I MEN TAL  ANAL Y SIS
Sam pling 
Air sam  pling was con  ducted in the pe  riod from
March 2009 to De  cem  ber 2011 at the Kumodraž lo  ca  -
tion, Bel  grade, Ser  bia. It was per  formed with two dig  i  tal
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Ocala, Fla., USA) which pro vide the air flow in the range  
of  15-120  m3/h,  with  an  ini  tial  air  flow rate of 50 ± 5
m3/h. The air sam ples were col lected weekly with a sam -
pling time of six days at the height of 124 cm from the
ground, with a to  tal of 101 sam  ples. Dig  i  tal sam  plers
were used for mea sure ment of tem per a ture, pres sure and
rel a tive hu mid ity, while val ues for wind speed, in so la tion 
(sunny hours per day), global Sun warm  ing and pre  cip  i  -
ta  tion were taken from an  nual re  ports of the Re  pub  lic
Hydro meteoro logi cal  Ser vice  of  Ser bia  [21].
Cel  lu  lose fil  ter pa  per FJ213340 1.770 mm thick
with an ef fi ciency of 65% on the dioctyl phthalate (DOP) 
test was used. The DOP test was used to de ter mine the ef -
fi ciency of the fil ter with an area of 100 cm2 for air or gas
fil  tra  tion with the flow rate of 32 L/min con  tain  ing DOP
par  ti  cles at a con  cen  tra  tion of 100 mg/L [22].
Gamma-ray  spec tro met ric  anal y sis
The mea  sure  ments were per  formed us  ing a
gamma-ray  spec tro met ric  sys tem  AMETEK-AMT
(ORTEC, USA) with a co ax ial high-pu rity ger ma nium 
(HPGe)  de tec tor  with  rel a tive  ef fi ciency  of  59.2%
mea sured on the line 1.33 MeV 60Co. Res o lu tion of the 
de  vice was 1.78 keV on the line 1.33 MeV 60Co. The
de  tec  tor was housed in home-made lead cas  ing. Lead
pro tec tion was 11 mm thick and cov ered with a cop per
sheet 5 mm thick.
Gamma-ray  spec tro met ric  anal y ses  were  con -
ducted on the de  vice cal  i  brated to the fil  ter ge  om  e  try.
The so lu tion used for cal i bra tion was ob tained by di lu -
tion of the ref  er  ence IAEA ma  te  rial (241Am, 109Cd,
57Co, 139Ce, 203Hg, 113Sn, 85Sr, 137Cs, 88Y, and 60Co).
The stan dard was made by drip ping the ra dio ac tive so -
lu  tion on the cir  cu  lar fil  ter pa  per in the hex  ag  o  nal net  -
work. Fifty-five points were ap  plied, each with a vol  -
ume of 10 mL. 137Cs spe  cific ac  tiv  ity of air sam  ples
was eval  u  ated from its line at 661 keV, with a rel  a  tive
stan  dard de  vi  a  tion that ranged from 8.8% to 13.7%,
for 250 000 s by us  ing the Gamma Vi  sion 32 soft  ware
pack age  [23].
Data  anal y sis
Prin ci pal  com po nent  anal y sis  (PCA). The ex  -
trac  tion of ma  jor fac  tors of vari  a  tions within ac  tiv  ity
data was per  formed us  ing PCA (SPSS v 13 soft  ware
pack  age, SPSS Inc., Chi  cago, USA) [24] on the set of
gamma spec tra ac quired dur ing 2010. PCA is a sta tis ti -
cal method which al  lows iden  ti  fi  ca  tion of ma  jor fac  -
tors within a mul  ti  di  men  sional data set in or  der to re  -
duce the num  ber of vari  ables of a given data set.
Com monly, it is used when there are a great num ber of
cor  re  lated vari  ables within one data set. The fac  tors
were tested on the cor re la tion with me te o ro log i cal pa -
ram e ters;  the  pa ram e ters  cor re spond ing  to  the  high est
cor re la tion  co ef fi cients  were  se lected  and  used  as  in -
put for the ANN anal  y  sis.
Ar ti fi cial  neu ral  net work. The most com  mon
type of ANN used in the anal  y  sis of en  vi  ron  men  tal
sam  ples is the multilayer perceptron. Here, the
three-layer feed-for  ward net  work with the back-prop  -
a  ga  tion al  go  rithm was used based on our pre  vi  ous ex  -
pe ri ence  in  the  neu ral  net work  ap pli ca tion  in
gamma-ray  spec trom e try  [14-16].
The train  ing pro  cess of this net  work was per  -
formed in two phases. In the first phase, the data con  -
tained in the in  put layer were sent to the hid  den layer
through the in put nodes. Nodes in the hid den layer cal -
cu  late the weight sums of in  put data. All these sums
were then sent to the out  put layer through the ac  ti  va  -
tion func  tions as sin  gle end data.
In our case, we used the lo  gis  tic func  tion as an
ac ti va tion  func tion  which  is  a  rep re sen ta tive  of  sig -
moid  ac ti va tion  func tions
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where  wji is the weight fac tor whose value con nects the 
lower layer node i  to the up  per layer node j, oj – the
out  put value of the node i, while b rep  re  sents a bias.
The bias (limit of neu ral ac ti va tion) is used to cal cu late 
the to tal nu mer i cal value of all nodes lo cated in the sin -
gle layer.
In the sec ond phase of net work train ing, the er ror 
was cal cu lated be tween the cal cu lated and ex per i men -
tally ob  tained val  ues in the out  put layer us  ing the
so-called gen  eral delta rule. Based on this rule, nodes
in the out  put layer are ad  justed ac  cord  ing to the value
of nodes in the in  put layer based on the equa  tion
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where dj is the sig  nal er  ror at node j, oj – the out  put
value of node j, n – the num  ber of it  er  a  tions, h – the
learn  ing rate, and a – the mo  men  tum. The learn  ing
rate af  fects the step size in the space of weight co  ef  fi  -
cients and con  trols the speed at which the net  work
learns. Mo men tum is in cluded in the cal cu la tion to add 
the pre vi ous changes of weight co ef fi cients to the cur -
rent change dur  ing the train  ing pro  cess. In de  ter  min  -
ing the value of the learn  ing rate and mo  men  tum, we
used  pre vi ous  ex pe ri ence  in  the  ap pli ca tion  of  neu ral
net works in gamma-spec trom e try and de ter mined that
both these val  ues are 0.1 [16].
The key part of the cal cu la tion in ar ti fi cial neu ral 
net works is form ing the sets for train ing and test ing the 
net work. The train ing set is used to op ti mize the model 
char  ac  ter  is  tics, while the test  ing set is used to as  sess
the gen er al iza tion ca pa bil i ties of a given net work. The
train ing  set  con tained  log a rith mic  val ues  of  me te o ro -
log i cal pa ram e ters as in put data and those of 137Cs spe -
cific ac  tiv  ity from 2009 as out  put data. The same pa  -
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in the test  ing set.
The op ti mal num ber of nodes in the hid den layer
was found by cal cu lat ing the RMSE (root mean square 
er  ror) for dif  fer  ent val  ues of nodes, from 2 to 22. This
was per  formed for dif  fer  ent num  ber of ep  ochs: 1000,
5000, 10000, 20000, 30000, 40000, and 50000. 
In or der to check the net work op er a tion, an other
data set is formed, called the val i da tion set, whose pri -
mary pur  pose is to as  sess the formed net  work. It con  -
sisted  of  the  log a rith mic  val ues  of  the  me te o ro log i cal
pa  ram  e  ters from 2011 as in  put data and those of 137Cs
ac tiv ity in the same pe riod as out put data. This last part 
is called the cross-val  i  da  tion pro  cess [25].
To  de ter mine  the  ap pro pri ate  num ber  of  ep ochs
and to ver ify the val ues of net work pa ram e ters, the val i -
da  tion data set was in  serted in the net  work. The val  i  da  -
tion set is used to de  ter  mine if the so-called over-fit ting
of the net  work has oc  curred dur  ing train  ing. When ap  -
ply ing the meth  ods of early stop ping, the net work is in -
serted with the val  i  da  tion set in  stead of the test  ing set,
and the val i da tion er ror is cal cu lated pe ri od i cally. When 
the val i da tion er ror, af ter no tice able con ver gence, starts 
to grow again, the train  ing pro  cess is stopped.
The  net work  op ti mi za tion  pro cess  is  fol lowed
by its test  ing. The test  ing set con  tained 38 mea  sure  -
ments of the 137Cs  ac tiv i ties,  ob tained  dur ing  2010.
Val i da tion  of  net work  pre dic tive  abil ity  is  per formed
by com par ing the val ues of spe cific ac tiv i ties ob tained
ex per i men tally  and  those  cal cu lated  us ing  the  neu ral
net  work. Anal  y  sis of be  hav  iour of the spe  cific 137Cs
ac tiv i ties  by  us ing  neu ral  net works  was  per formed  in
the soft  ware pack  age QwickNet 2.23 [26].
RE SULTS
The  137Cs av er age monthly ac tiv i ties for the pe riod
from March 2009 to De cem ber 2011 are given in fig. 1.
Ta ble  1  shows  sta tis ti cal  char ac ter is tics  for  all
the  ex per i men tal  data  for  the  given  pe riod.  Me te o ro -
log i cal  pa ram e ters  were  se lected  us ing  the  PCA.  Data
from 2009 were used for cre  at  ing the train  ing set,
while data from 2010 and 2011 were used for cre  at  ing
the  test ing  and  val i da tion  sets,  re spec tively.
The re sults pre sented in fig. 2 show that the op ti -
mal num  ber of nodes in the hid  den layer of the ANN
was 17, be cause RMSE had the small  est value for this
num  ber of nodes.
Fig ure 3 pres ents the RMSE for train  ing, test ing
and val  i  da  tion sets of the model de  pend  ing on the
num ber of ep  ochs. Re sults con verged and the value of
40000 ep  ochs was con  sid  ered as op  ti  mal.
Sche matic  rep re sen ta tion  of  the  op ti mized  net -
work is shown in fig. 4. The in put layer is pre sented by
three  nodes  con sist ing  of  me te o ro log i cal  pa ram e ters
and the out put layer is pre sented by one node-137Cs ac -
tiv  i  ties. The net  work struc  ture also con  sists of bi  ases
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Fig  ure 1. The 
137Cs av  er  age monthly ac  tiv  ity for the
pe  riod from March 2009 to De  cem  ber 2011 mea  sured at
Kumodraž, Bel  grade
Ta  ble 1. De  scrip  tive sta  tis  tics of ex  per  i  men  tal data for the pe  riod from march 2009 to De  cem  ber 2011
2009 2010 2011
Experimental data Mean Min/Max Mean Min/Max Mean Min/Max
AC [10
–5 Bqm
–3] 1.0 ± 0.7 0.4/2.5 1.4 ± 0.9 0.2/2.4 0.4 ± 0.6 0.09/3.7
Temperature [°C] 25 ± 6 8.3/34.5 18 ± 10 –0.6/34.7 22.0 ± 9.5 0.8/36.1
Insolation [h] 46 ± 19 6.1/74.9 28 ± 18 0.0/74.1 42 ± 23 0.0/88.3
Global Sun warming [Wcm
–2] 1625 ± 605 301/2615 915 ± 621 213/2320 1285 ± 688 114/2475
Fig  ure 2. RMSE de  pend  ency on the num  ber of nodes in
the hid  den layercon  nected to nodes in the hid  den layer (bias 1) and in
the out  put layer (bias 2).
Fig ure  5  pres ents  val ues  of  ex per i men tally  ob -
tained  and  cal cu lated  spe cific  ac tiv i ties  of  137Cs that
were used in the net  work test  ing pro  cess. It is ob  vi  ous
that pre  dicted val  ues are much lower than ac  tu  ally
mea sured  and  the  cor re la tion  co ef fi cient  is  rather  low
(r = 0.20). 
Fig ure  6  pres ents  cal cu lated  and  ex per i men tally
ob  tained val  ues of the 137Cs  spe cific  ac tiv i ties  as  the
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Fig  ure 3. RMSE for train  ing, test  ing, and val  i  da  tion sets
of model de  pend  ency on the num  ber of ep  ochs
Fig ure  4.  Sche matic  rep re sen ta tion  of  the  op ti mized
three-layer feed-for  ward neu  ral net  work used in this
study: in put layer – nodes 1-3; hid den layer – nodes 4-20,
and out  put layer – node 21
Fig ure  5.  De pend ency  of  the  ex per i men tally  ob tained
(cir cles)  and  cal cu lated  (tri an gles) 
137Cs  av er age  weekly
spe cific  ac tiv i ties  for  sam ples  mea sured  dur ing  2010
Fig ure  6.  The  de pend ency  of  ex per i men tally  ob tained
(tri an gles)  and  cal cu lated  (cir cles) 
137Cs  av er age  weekly
spe cific  ac tiv i ties  as  a  func tion  of  me te o ro log i cal 
pa ram e ters:  (a)  max i mum  air  tem per a ture,  (b)
in  so  la  tion, and (c) global Sun warm  ingfunc tion  of  in di vid ual  me te o ro log i cal  pa ram e ters,  ob -
tained dur  ing 2010, while tab. 2 shows the cor  re  la  tion
co ef fi cients be tween these pa ram e ters and ex per i men -
tally ob tained and cal cu lated spe cific ac tiv i ties, for the 
same  pe riod.  Val ues  of  cor re la tion  co ef fi cients  are
low. Good pre  dic  tion was ob  tained only for the max  i  -
mum tem  per  a  ture while for the other two pa  ram  e  ters
even the sign of cor  re  la  tion is dif  fer  ent be  tween mea  -
sured and pre  dicted val  ues.
DIS CUS SION
The  spe cific  ac tiv i ties  of  137Cs ob  tained in this
study were in the range 0.09-2.32 10–5 Bq/m3 (see fig.
1). For the 2004-2009 pe riod, Todorovi} et al., [27] re -
ported that val  ues of 137Cs  spe cific  ac tiv ity  were
mostly be  low the de  tec  tion limit of their tech  nique
(10–6 Bq/m3).  An other  pub li ca tion  [28]  re ports  that
dur  ing the 1990s these val  ues ranged from 10–6-10–5
Bq/m3, which was in the same range as in dif  fer  ent
parts of Eu  rope [29, 30]. The max  i  mum val  ues that
were ob served in late spring/early sum mer and in win -
ter have been ob served by oth ers as well and can be ex -
plained by the strato  sphere-tro  po  sphere ex  change
(spring/sum  mer) or the soil dust re-sus  pen  sion in air
from the Chernobyl fall  out (win  ter) [31, 32]. Con  sid  -
er  ing the rel  a  tively long half-life of 137Cs and rel  a  -
tively in fre quent nu clear ac ci dents, its spe cific ac tiv ity 
can re  main the same for a long pe  riod of time, which
was in deed the case un til the nu clear ac ci dent in Ja pan
in 2011. Dur  ing the Fukushima ac  ci  dent, re  ported ac  -
tiv ity  val ues  of  137Cs in Bel  grade ranged from 4 to 16
10–5 Bq/m3 [33-35].
The  over all  cor re la tion  co ef fi cient  be tween  ex -
per i men tally  ob tained  spe cific  ac tiv i ties  and  cal cu -
lated (pre  dicted) val ues was low (0.20) in  di  cat ing that
our model can  not cor  rectly fore  cast 137Cs  ac tiv ity.
This is a very dif  fer  ent sit  u  a  tion than for cosmogenic
7Be where a rather good cor  re  la  tion of r = 0.91 has
been ob  tained us  ing the same meth  od  ol  ogy [20]. This
is prob  a  bly due to the fact that val  ues of all in  di  vid  ual
cor  re  la  tion co  ef  fi  cients are rather low (tab. 2), and
hence  their  sta tis ti cal  sig nif i cance  is  low.
Con sid er ing the be hav iour of  137Cs and its trans -
fer through the at  mo sphere, fail  ure in pre  dict ing 137Cs
spe cific  ac tiv i ties  sug gests  rel a tive  in de pend ence  of
lo cal  me te o ro log i cal  con di tions,  i.  e., these do not
greatly af  fect the anthropogenic radionuclide 137Cs
spe cific  ac tiv ity.  Ac tu ally,  some  au thors  have  stated
that there is no sig nif i cant cor re la tion be tween them et
all [36]. It has been sug gested [36] that cor re la tion can
be im  proved if sam  pling is per  formed on a daily ba  sis
in stead of on a weekly ba sis as done here. Even so, it is
dif fi cult to be lieve that this can in crease the cor re la tion 
to the level of re  li  able fore  cast  ing.
Ben  e  fits of us  ing PCA/ANN meth  ods in fore  -
cast ing  can not  be  seen  when  cor re la tion  co ef fi cients
for  in di vid ual  me te o ro log i cal  pa ram e ters  and  spe cific
ac tiv i ties  of  137Cs are low. How  ever, this method has
been found to be use ful in cases of fore cast ing con cen -
tra  tion lev  els of other air  borne radionuclides such as
7Be and 3H and air pol  lut  ants [20, 37, 38] and us  ing
PCA/ANN seems to be the only way ana  lyse mul  ti  ple
pa ram e ters  and  un known  an a lyt i cal  re la tion ships.
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Aleksandra D. SAMOLOV, Sne`ana D. DRAGOVI],
Marko @. DAKOVI], Goran G. BA^I]
PRIMENA  NEURONSKIH  MRE@A  ZA  ANALIZU  PONA[AWA  137Cs  U
UZORCIMA  VAZDUHA  NA  PODRU^JU  GRADA  BEOGRADA
U radu je prikazan kombinovani metod primene analize osnovnih komponenti i
neuronskih mre`a za predvi|awe pona{awa 137Cs u funkciji meteorolo{kih parametara. Model je
optimizovan i testiran kori{}ewem vrednosti specifi~nih aktivnosti 137Cs dobijenih
standardnom gamaspektrometrijskom analizom uzoraka vazduha, koji su sakupqani u periodu
2009-2011. godine na teritoriji Beograda, i  meteorolo{kih parametara iz istog perioda. Dobijena 
je mala vrednost korelacionog koeficijenta (r = 0.20) izme|u eksperimentalnih i neuronskom
mre`om izra~unatih vrednosti specifi~nih aktivnosti 137Cs. Ovo pokazuje da neuronska mre`a za
slu~aj predvi|awa vrednosti specifi~nih aktivnosti 137Cs, u funkciji tem per a ture, insolacije i
globalnog Sun~evog zagrevawa ne pokazuje dobre rezultate, {to mo`e da se objasni relativnom
nezavisno{}u vrednosti specifi~nih aktivnosti 137Cs od meteorolo{kih parametara, a ne
neefikasno{}u ve{ta~kih neuronskih mre`a.
Kqu~ne re~i: neuronska mre`a, gamaspektrometrija, vazduh, 137Cs